A series of novel 5-chloro-3-fluorophenoxypyridines with a 1,3,4-oxadiazole ring bearing a thioether moiety was synthesized and their herbicidal activity against some graminaceous plants and crop safety were examined. Target compounds were prepared through S-substitution reaction of 5-mercapto-1,3,4-oxadiazole analogs, which were synthesized by the reaction of 2-propynyl (R) 21) The ester (1) was treated with 1.1 equivalents of hydrazine monohydrate to give acylhydrazine derivative (2). Then, the ring closer reaction of compound (2) with carbon disulfide under basic conditions and subsequent acidification yielded the intermediate (3). Subsequent S-substitution on the 1,3,4-oxadiazole ring gave the final products (4-16). Chemical structures of the compounds synthesized were confirmed by 1 H-NMR spectra, IR and elemental analysis data, which are shown below.
Introduction
Modern high-yield agriculture depends on the effective control of pests and weeds to increase crop quality and yield. Aryloxyphenoxypropionate herbicides (APPH) have been an interesting and highly effective class of herbicides in the international market over the past decade. Up to now, more than 20 kinds of APPH, such as clodinafop propargyl, have been commercialized all over the world. 1) They are used effectively in a number of crops including soybeans and cereal grains, such as wheat and rice, to control grass weeds.
2) APPH act by blocking the biosynthesis of fatty acids by inhibiting acetylcoenzyme A carboxylase.
3) Also, it is known that the R isomers of APPH have far greater herbicidal activity than the corresponding S isomers; 4, 5) however, continuous application of APPH has resulted in the evolution of resistant weeds. 6, 7) This highlights the urgent need for the development of herbicides with newer chemical structures.
On the other hand, the biological activities of 1,3,4-oxadiazoles have been the subject of many literature reports in recent years. [8] [9] [10] [11] [12] Furthermore, 1,3,4-oxadiazoles [13] [14] [15] [16] and thiadiazole [17] [18] [19] [20] are known as having a broad spectrum of potential herbicidal activities. Due to the biological importance of 1, 3, 4-oxadiazoles, which are derived from ester moiety, it was considered of interest to link them to the clodinafop herbicide framework.
In this study, we report the synthesis of 3,5-dihalophenoxypyridines with a 1,3,4-oxadiazole ring bearing a thioether moiety and their herbicidal activity.
Materials and Methods

Instrumental analysis
All the solvents and materials were of reagent grade and purified as required. Melting points were determined using an electro thermal digital apparatus and are uncorrected. 1 H NMR and 13 C NMR spectra were recorded on Brucker spectrophotometer (300 MHZ) in CDCl 3 using Me 4 Si as an internal standard. Chemical shifts are reported in ppm from TMS as the internal standard. Elemental analyses were performed on a Vario EL III elemental analyzer. The obtained elemental analysis data are in a good accordance with the theoretical values. lined in Fig. 1 . The ester (1) was synthesized according to the literature method.
21) The ester (1) was treated with 1.1 equivalents of hydrazine monohydrate to give acylhydrazine derivative (2) . Then, the ring closer reaction of compound (2) with carbon disulfide under basic conditions and subsequent acidification yielded the intermediate (3) . Subsequent S-substitution on the 1,3,4-oxadiazole ring gave the final products (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Chemical structures of the compounds synthesized were confirmed by 1 H-NMR spectra, IR and elemental analysis data, which are shown below.
5-Chloro-3-fluoro-2-{4-[(R)-1-(5-mercapto-1,3,4-oxadiazol-2-yl)ethoxy]phenoxy}pyridine (3)
To a solution of ester 1 (3.5 g, 10 mmol) in ethanol (50 mL) was added hydrazine hydrate (0.66 g, 11 mmol) and refluxed for an hr. After cooling the reaction mixture, a solution of CS 2 (10 ml) and KOH (0.84 g, 15 mmol) in ethanol (50 mL) was added over 30 min. The resulting mixture was heated at reflux for 12 hr. After the reaction, the solution was concentrated under reduced pressure and acidified by the addition of hydrochloric acid. The precipitated solid was filtered off, washed with water, dried and recrystallized from 2- 
General procedure for synthesis of the title compounds (4-16)
Alkyl bromide or halo compound (12 mmol) was added to a solution of 3 (3.67 g, 10 mmol) in alkaline ethanol (0.56 g, 10 mmol KOH in 50 mL ethanol 95%) and refluxed for 4-6 h. The reaction progress was monitored by TLC (ethyl acetate/nhexane 1 : 1). After complete conversion and cooling, the reaction mixture was poured onto crushed ice. The mixture was extracted with ethyl acetate (5ϫ40 mL) and washed with water (3ϫ50 mL). The ethyl acetate layer was dried over MgSO 4 and evaporated in vacuo. The solid products were purified by crystallization from toluene-hexane and some liquid product was purified by silica-gel column chromatography (ethyl acetate/n-hexane 1 : 3). 
5-Chloro-3-fluoro-2-{4-[(R)-1-(5-ethylthio-1,3,4-oxadiazol-2-yl)ethoxy]phenoxy}pyridine (5)
5-Chloro-3-fluoro-2-{4-[(R)-1-(5-butylthio-1,3,4-oxadiazol-2-yl)ethoxy]phenoxy}pyridine (6)
Gummy
5-Chloro-3-fluoro-2-[4-((R)-1-{5-[(2-chloropyridin-5-yl)methylthio]-1,3,4-oxadiazol-2-yl}ethoxy)phenoxy]pyridine (12)
White
5-Chloro-3-fluoro-2-{4-[(R)-1-(5-benzoylthio-1,3,4-oxadiazol-2-yl)ethoxy]phenoxy}pyridine (13)
Gold
2-(5-{(R)-1-[4-(5-Chloro-3-fluoropyridin-2-yloxy) phenoxy]ethyl}-1,3,4-oxadiazol-2-ylthio)propanoic acid (15)
Herbicidal testing
For herbicidal activity tests, an emulsion concentrate at EC 8% was formulated by mixing 8 parts of the active ingredients (a.i.), 14 parts of blended emulsifiers MS and FF 4 (trade name), 10 parts of cyclohexanone, and 30 parts of pine oil and added sunflower oil up to 100 mL. Herbicidal testing was carried out at the 3-to 4-leaf stage by a sprayer at the rate of 125 g a.i/ha with a spelling volume of 1000 L/ha. All the treatments were replicated three times in a completely randomized design. Three weeks after the treatment, weed control and crop damage were calculated as the inhibition percent by making a biomass reduction comparison between samples treated with each compound and a sample treated with distilled water. Range %0 means no effect and %100 means complete killing (Equation 1).
% Herbicidal activityϭ (Equation 1)
Wbϭbiomass of blank, Wtϭbiomass of treated
Results and Discussion
Chemistry
In our synthetic study, preparation of the key intermediate, 5-chloro-3-fluoro-2-{4-[(R)-1-(5-mercapto-1,3,4-oxadiazol-2-yl)ethoxy]phenoxy}pyridine (3), was very important to supply a wide variety of targeting compounds. The ester (1), which was synthesized in three steps, 21) was treated with 1.1 equivalent of hydrazine hydrate to give acylhydrazine derivative (2) . The ring closure reaction of 2 with carbon disulfide under basic conditions and subsequent acidification yielded intermediate 3. Various reagents, such as alkyl bromide or acyl halide, were then reacted with compound 3 in the presence of potassium hydroxide in order to introduce a substituent onto the sulfur atom at the 5-position of the 1,3,4-oxadiazole ring, so that novel 13 kinds of compounds (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) were provided in moderate to high yield ( Table 1) .
The results of spectroscopic data, 1 H NMR and 13 C NMR, IR spectra and elemental analysis are presented in the experimental section. It was indicated that the key oxadiazole intermediate predominantly existed in the thione form 3 rather than the tautomeric thiol form 3 by the observation of a CϭS
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Evaluation of herbicidal activity and crop safety
Herbicidal activity against Echinochloa cruss-galli (Ech), Avena fatua (Ave), Sorgum halepense (Sor) and crop safety were evaluated for clodinafop-propargyl (1) and 13 noble compounds (3-16) at 125 g a.i/ha application post-emergence by previously reported methods 22) and their results are summarized in Table 2 .
As shown in Table 2 , 1,3,4-oxadiazoles with a lower alkylthio group, such as a methylthio (4), an ethylthio (5), a butylthio (6), or a pentylthio (7), showed moderate activity against all weeds tested with slight injury. Herbicidal activity of carbamoylmethylthio analogs (8) and 2-hydroxypropylthio analog (9) was less than those that lower alkylthio analogs. Introduction of a 2-propyn-1-yl group onto the sulfur atom of the 1,3,4-oxadiazole ring at 5-position 10 improved herbicidal activity as well as crop safety. Also, it was clarified that the activity of 10 against Ech and Ave was more potent without showing crop damage against Bar than that of clodinafoppropargyl (1). Compound 11 and 12 exhibited a lower level of activity, so it was found that the introduction of hydrophobic and bulky thioerher moiety reduced herbicidal activity. Compound 13 and 14 possessing an acylthioether moiety on the 1,3,4-oxadiazole ring were not so active. Two analogs (15 and 16) having a carboxyalkylthio group were moderately effective for all weeds but crop safety against Bar was slightly poor. These results definitely indicated the effect of conversion of the ester moiety in commercial AHHP herbicides to 1,3,4-oxadiazole moiety with a (substituted)mercapto group.
In conclusion, the present investigation demonstrated that 5-chloro-3-fluoro-2-(4-{(R)-1-[5-(2-propynylthio)-1,3,4-oxadiazol-2-yl]ethoxy}phenoxy)pyridine (10) exhibited the highest level of activity and excellent crop safety among the compounds tested. Moreover, herbicidal activity of compound 10 was more potent that of clodinafop-propargyl (1), so it was considered that compound 10 would be a practical herbicide.
